Direct Spectro- Temporal Characterization of Femtosecond Extreme-Ultraviolet Pulses 
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We propose a method for a straightforward characterization of the temporal shape of femtosecond 
pulses in the extreme- ultraviolet /soft X-ray spectral region. The approach is based on the presence 
of a significant linear frequency chirp in the pulse. This allows to establish an homothetic relation 
between the pulse spectrum and its temporal profile. The theoretical approach is reminiscent of the 
one employed by Fraunhofer for describing far- field diffraction. As an application, we consider the 
case of a seeded free-electron laser (FEL). Theory is successfully benchmarked with numerical sim- 
ulations and with experimental data collected on the FERMI@Elettra FEL. The proposed method 
provides FEL users with an on-line, shot-to-shot spectro-temporal diagnostic for time-resolved ex- 
periments. 

PACS numbers: 



New light sources generating extreme-ultraviolet/soft 
X-ray (XUV) femtosecond pulses are among the most 
powerful tools for investigating the fundamental proper- 
ties of matter, in gas, liquid or solid-state phases [l|-l3|. 
In fact, short wavelength (i.e., high-energy) radiation 
allows to achieve atomic spatial resolutions and to probe 
core levels of atomic and molecular bound states. Short 
pulses are instead required for the study of ultra-fast 
chemical and physical reactions, allowing separate access 
to electron, spin and lattice relaxation constants. 
A large number of these studies rely on pump-probe 
techniques [J], in which two light pulses with adjustable 
time delay and different wavelengths are used to investi- 
gate the dynamics of a given process. For the success of 
such experiments, a detailed knowledge and a complete 
control of the spectro-temporal properties of light pulses 
are essential. This should include the possibility for users 
to monitor and control the spectro-temporal features 
of XUV femtosecond pulses in real time (i.e., during 
experiments). 

Nowadays, measuring the spectrum of XUV pulses is 
not an issue, whereas getting access to the temporal 
information is a more challenging task. Indeed, several 
methods have been proposed to measure the phase and 
shape of femtosecond pulses in the infrared, visible 
and near ultraviolet spectral ranges [5|, [6|. However, in 
the XUV domain, the strong absorption of solid-state 
crystals does not enable non-linear optical effects on 
which temporal characterizations usually rely, making 
them significantly more difficult. Usually, the duration of 
XUV pulses is determined by means of cross-correlation 
schemes, based on the photo- ionization of an atomic gas 
by the measured XUV pulse, "dressed" by a time-delayed 
femtosecond infrared laser [3-[9| . Based on this and other 
approaches, several methods have been developed for the 
temporal characterization of ultra-short pulses generated 



by single-pass free-electron lasers (FE L) IiqI412] and high 
harmonic generation (HHG) sources p^3l-[l6j. However, 
up to now, the measurement of the temporal shape of 
femtosecond pulses in the XUV spectral range is not 
a trivial issue and requires a complex and normally 
dedicated experiment. 

In this Letter we present a method allowing a fast 
on-line characterization of the temporal shape of XUV 
femtosecond pulses, generated by a single-pass FEL. 
In the considered configuration, the FEL is seeded by 
a laser pulse, carrying a controllable frequency chirp. 
The method goes as follows. We first demonstrate 
that, under specific constraints, the presence of a 
significant linear frequency chirp in an optical pulse 
allows to establish a direct homothetic relation between 
its spectral and temporal profiles. Then, we study the 
case of a seeded FEL and we demonstrate that, under 
the specified conditions, the duration and the temporal 
shape of the FEL pulse can be simply retrieved on-line 
by a measurement of its spectrum. The conditions of 
validity of the proposed technique are determined by 
means of a rigorous analytical method, reminiscent of 
the one employed by Fraunhofer to define the diffraction 
pattern of a monochromatic wave in paraxial far-field 
approximation [17]. The analytical result is validated 
first by means of numerical simulations and then by a 
direct comparison with experimental data collected on 
the FERMI@Elettra FEL [l8J. 

In order to illustrate the method, we start by consid- 
ering a pulse characterized by the electromagnetic field 
f{t) = g{t)e^^^ ^i^ot ^ where g{t) is a generic complex am- 
plitude, 7^^ is a known (controllable) quadratic phase 
term and cjq is the pulse central frequency. The quadratic 
term induces a temporal dispersion of the pulse spectral 



component, according to the following relation: 



(1) 



Here uoinsit) represents the instantaneous angular fre- 
quency along the pulse at a given temporal position t. 
Such a frequency is the result of the interference of mul- 
tiple spectral components. The number of spectral com- 
ponents contributing to ujins{t) is large for small tempo- 
ral dispersion (i.e., small 7) and decreases for increasing 
temporal dispersion (i.e., large 7). For sufficiently large 7 
values, one can approximately associate a single spectral 
component to each temporal position in the pulse. When 
this occurs, the temporal form of the pulse becomes sim- 
ilar to its spectral shape. 

In order to provide a quantitative description of this phe- 
nomenon, we exploit a parallelism between the problem 
in hand and the well-known problem of spatial- frequency 
dispersion in diffraction. For our demonstration, we will 
make use of hypotheses similar to the ones employed by 
Fraunhofer for describing the far-field diffraction |17|]. 
The pulse spectrum is given by: 



X{u:)^\F^[g{t)e'^'"]\ 
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where J^oj{f(t)} = J dtf{t)e *^^ describes the Fourier 

—00 
transform of the function /(t), from the temporal vari- 
able t to the frequency variable uj [33] . Using Fourier for- 
mahsm [iTJ, we can write X{uj) as a convolution product: 



X{uj) = G{uj) * e"^^ 



(3) 



where G{uj) represents the Fourier transform of the com- 
plex amplitude J^^j {g(f)} and e~* ^7 ig the Fourier trans- 
form of the quadratic phase term e*^^ . At this step, an 
analogy can be drawn between the spectrum X{uj) and 
the one-dimensional diffraction pattern originated from a 
"transversal field distribution" G (a;). In the previous re- 

lation, the convolution with the exponential term e~^^ 
gives rise to a phenomenon similar to the longitudinal 
space propagation of a diffracted transverse field distri- 
bution. In paraxial approximation, such a propagation 
generates a linear dispersion of the spatial-frequencies 
components. In our case, this corresponds to the linear 
frequency dispersion in the pulse, caused by the quadratic 
phase term 7^^. After the development of the convolu- 
tion product, Xiuo) can be written as an inverse Fourier 
transform, J-*"^, in the variable 



27- 



X(u;) = |^^-i{g(c.>-w}| 



(4) 



Let us focus on the exponential term e~*^T. In far- 
field diffraction, according to Fraunhofer, this phase term 
varies slowly in the Fourier integration domain where the 



square integral function G{uj) is different from zero. This 
condition is equivalent to: 



^=iV«l, 
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(5) 



where cfq represents the standard deviation of the func- 
tion G{uj) and A^ is the Fresnel number [17]. When the 
condition Eq. (|5|) is fulfilled, one can reasonably approxi- 
mate the exponential term with unity. As a result, Fraun- 
hofer diffraction pattern provides a direct representation 
of the Fourier transform of the initial field distribution. 
In our case, since G{uo) is the Fourier transform of the 
complex amplitude g{t)^ we finally get: 



XH = 



'^2^ 



(6) 



We thus obtain the following noticeable result: under 
the "far-field" condition ([5j), the spectrum of a linearly 
chirped optical pulse provides a direct representation of 
its temporal shape, through the variable transformation 
t = ^. A schematic representation of the proposed 
"far-field" approach is given in Fig. [TJ 
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FIG. 1: (color online) Schematic representation of the "far- 
field" condition which allows to find a correspondence between 
the temporal and the spectral profiles of a linearly chirped 
optical pulse. The continuous lines represent the envelopes 
and the dashed lines represent the phases. 



Let us now apply the previous method to determine 
the temporal profile of light pulses generated by an XUV 
seeded FEL ^,|20^. In a seeded FEL (see Fig. EJ, a rel- 
ativistic electron beam propagating trough an undulator 
(called modulator) interacts with a collinear externally- 
injected optical pulse (the seed). The interaction mod- 
ulates the electron-beam energy. Energy modulation is 
then transformed into spatial bunching, when the elec- 
tron beam propagates through a magnetic chicane (dis- 
persive section). The bunching (as the energy modula- 
tion) has a periodicity determined by the seed frequency 
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FIG. 2: (color online) Schematic layout of a seeded FEL and sketch of the proposed method to obtain a real-time spectro- 
temporal characterization of the FEL pulse. 



ujQ. In addition, it also presents significant components 
at the harmonics of the latter, i.e., at nujo (where n is an 
integer). Finally, the bunched electron beam is injected 
into a long undulator chain (called a radiator), where it 
emits coherently at one of the seed harmonics. In the 
radiator, the electromagnetic intensity generated by the 
bunched electrons is amplified, until when, due to bunch- 
ing deterioration, electrons are no longer able to supply 
energy to the wave and the process reaches saturation. 
The seed is normally a Gaussian quasi-monochromatic 
pulse (e.g., at low-order harmonic of a Ti:Sa laser), with 
temporal width aseed- By propagating the seed through 
a stretcher (prior to injection into the modulator), one 
can induce and control a linear frequency chirp, defined 
by the coefficient F^ in the following relation. The result- 
ing optical pulse reads: 



Seed(i) = e "^""seed 



^ ^iVit ^iuJot 



(7) 



In this case, the periodic modulation of the bunching 
is determined by the instantaneous frequency uoinsit) of 
the seed laser, according to Eq. ([1]). In turn, the FEL 
emission at the harmonic n will be chirped at the instan- 
taneous frequency nuoinsit)- As a result, the quadratic 
phase of the seed laser (multiplied by the harmonic order 
n) is "transferred" to the FEL pulse ^^. The latter 
can therefore be written as 



FEL{t) = g{t)e' 






(8) 



where g(f) represents the FEL complex amplitude. This 
expression is analogous to the one considered previ- 
ously to represent a generic linearly chirped pulse; here 

7 = ^ri. 

The complex amplitude g(i) contains a distorted phase, 
adding to the controlled term nVit^ . Phase distortions 
may take place during the bunching construction, mainly 
due to the presence of a non-linear curvature in the 
electron-beam energy profile [24], and/or as a result of 
the amplification process in the radiator, if the FEL is 
run in over-saturated regime. Additional (less critical) 
possible sources of distortion are the presence of high- 
order non-linear terms in the phase of the seed and the 
intrinsic FEL phase [25|, [26|. Distortions may in prin- 



ciple increase the initial spectrum width gq and, there- 
fore, spoil the "far-field" condition (Eq. ([9])). However, 
as it will be clear in the following, it is reasonable to 
assume that, under the conditions of good seed quality, 
smooth electron-beam energy distribution, slightly sat- 
urated FEL regime and large F^, this effect can be ne- 
glected. 

The possibility of controlling F^ allows to perform a 
complete on-line characterization of the FEL pulse. In 
slightly saturated regime, one can assume the FEL 
pulse to have a Gaussian profile with duration n^aseed 
[2l|, |23|. In this case, if we neglect the distorted phase 
of the complex amplitude, the width oi G{uo) is given by 
(jQ = -1 "*" , and we can re- write relation ([5]) only in 



n 3 O-Seed 

terms of the seed laser properties: 

CTG^ 1 



inFi Aniaseed^Ti 



N<s:i. 



(9) 



This relation offers a mean to determine the seed 
parameters to be used in order to ensure the validity of 
the proposed approach. 

In order to check our results, we performed a campaign 
of numerical simulations using, as a reference, the case 
of the FERMI@Elettra FEL [l8|. In this case, the seed 
signal, provided by the third harmonic of a Ti:sapphire 
laser [23, is centered at 261 nm, it has a Gaussian 
shape and a bandwidth of about 0.9 nm (FWHM). By 
modulating the seed spectral phase, one can decide the 
value of F^ and the correspondent pulse duration, aseed- 
Figure [3] reports the spectral and temporal FEL output 
pulses, obtained using the numerical one-dimensional 
code PERSEO [28I Isl, at the harmonic order n = 8, 



for different operation regimes. For the case of Fig. 3(a) 
the seed power and the strength of the dispersive section 
have been tuned so as to reach saturation at the end of 
the radiator chain. This is the standard configuration 
in which a seeded FEL is normally operated. For the 
case of FERMI@Elettra, the standard seed laser param- 
eters {aseed = 122 fs, Ti = 5.1 10" 
according to Eq. ([9|), to TV = 0.16. 
our prediction (Eq. (J6j)) is fully confirmed: the spectral 
(continuous) and temporal (dashed) profiles are very 



^ fs ^) correspond. 
As it can be seen. 
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FIG. 3: (color online) Comparison between the temporal 
(continuous line) and spectral (dashed line) profiles obtained 
using the numerical code PERSEO: (a) slightly saturated 
regime with ideal electron beam; (b) slightly saturated regime 
with quadratic electron-beam energy profile (energy curva- 
ture: 5MeV/ps ); (c) double-pulse regime; (d) over-saturated 
regime; The temporal scale (bottom axis) is obtained from the 
spectral one (top axis), using the homothetic transformation 
given in Eq. ^. The dotted curves represent the quadratic 
phase term ?^^^t^ and the dot-dashed curves correspond to 
the other phase terms of the pulse. 



similar. Note that the induced quadratic phase (dotted 
curve) dominates the phase distortion (dash-dot line). 
Simulations confirm that the agreement becomes worse 
for increasing values of the parameter N (data not 
shown) . 

As it was mentioned, non-linearities in the electron- 
beam energy profile may spoil the validity of the 
"far-field" approach. However, as shown in Fig. |3(b)[ 
for a reasonable (i.e., close-to-experiment [29]) electron- 
beam energy distribution, and using the already specified 
seed parameters, the agreement between the theoretical 
prediction and simulations is still very satisfactory. 
Figure |3(c)| shows the application of the proposed 
approach to the case in which the FEL pulse is split 
into two slightly saturated sub-pulses, as described in 
|3Q| . Such a configuration has already been exploited 
at FERMI@Elettra for performing pump-probe experi- 
ments [3l|. Remarkably, also in this case our prediction 
is able to reproduce the simulated pulse profile. 
Finally, Figure |3(d)| shows the effect of the envelope 
and the phase distortion induced by running the FEL 
in over-saturation regime. In this case, the value of 
the quadratic phase term is not large enough to make 
condition (|5|) valid, therefore the spectral profile does 
not reproduce the simulated temporal profile. 

Finally, we tested our approach by comparing theoret- 
ical results with spectral data from the FERMI@Elettra 
FEL source. The spectra were acquired by an on-line 
photon energy spectrometer [32], which uses the first- 



FIG. 4: (color online) Retrieved temporal shape (solid curve) 
from spectral measurement on FERMI@Elettra FEL: slightly 
saturated (a) and double-pulse (c) regimes. The temporal 
scale (bottom axis) is obtained from the spectral one (top 
axis), using the homothetic transformation given in Eq. (|6|). 
The dot lines represent the quadratic phase term nVit^. Pan- 
els (b) and (d) show the comparison between the measured 
spectrum (solid line) and the reconstructed spectrum (dotted 
line), calculated using Eq. (p^ . 



order of diffraction of a variable-line spacing grating al- 
lowing the beam focusing on a CCD detector. The main 
part of the beam (the zero order) goes unperturbed to 
the experimental station (see Fig. [2]). 
Figures 4(a) and |4(c) display the temporal shape (bot- 
tom horizontal axis) retrieved from the measured spectra 
(top horizontal axis), using the homothetic relation (|6]). 
For the considered case, the FEL was operated at 32 nm 
(n = 8); as in the case of the simulation shown in Fig. 
[3l the seed pulse had a measured (rms) pulse duration 
of 122 fs and an intrinsic chirp F^ = 5.1 10~^ fs~ (i.e., 
N = 0.16). The measured value of the electron-beam en- 
ergy curvature was 5MeV/ps (i.e., the same value used 
for the simulation shown in Fig. |3(b)[ ). It is worth not- 
ing that FERMI@Elettra has been operated under simi- 
lar conditions also during user experiments. Figure [4(ay 
shows a pulse with quasi- Gaussian shape of 102 fs dura- 
tion (FWHM), while Fig. 4(c) [ refers to a case in which 
the FEL is operated in pulse-splitting regime. 
In order to corroborate our prediction, we compared 
the measured spectrum with the reconstructed one, 
Xrec{^)^ defined as: 



Xrec{oj) = l^-c {^/xJ2n^~t)e'^'^^'"} 



(10) 



Here X {2nTit) is the measured spectrum, evaluated 
at the homothetic coordi nate u = 2nrit. Obtained 
results, reported in Fig. |4(b)| and |4(d)[ show a very 
satisfactory agreement. The reconstructed spectrum 
provides a quantitative validation of the proposed 
"far-field" method, also in the presence of significant 



distortions and/or perturbations generated by any other tive light sources. 



noise source. 

In this letter, we established the possibility to deter- 
mine directly the temporal profile of a frequency-chirped 
pulse from the measurement of its spectrum. As a 
relevant application of the proposed method, we demon- 
strated the possibility to perform a spectro-temporal 
characterization of the optical pulse generated by a 
seeded free-electron laser. Our approach may allow a 
non-invasive, shot-to-shot and real-time characterization 
of femtosecond XUV optical pulses generated by innova- 
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